Introduction
Nanocellulose is a family of bio-based materials comprising on the one hand a diverse range of mechanically fibrillated materials with or without pre-treatment termed microfibrillated cellulose (MFC), and on the other hand, highly crystalline objects produced via a hydrolysis step with strong acids, termed nanocrystalline cellulose (NCC) [1] . Furthermore, bacterial cellulose is often treated separately, because these nano-scale cellulose networks may be used as-synthesized, without further pre-treatment. Differently from NCC and bacterial cellulose, some unclarity exists with regard to the terminology of MFC [2] : while some authors use the term MFC for all types of mechanically fibrillated celluloses irrespective of size, others prefer to speak of MFC and NFC (nanofibrillated cellulose) depending on characteristic diameter thresholds, which are sometimes arbitrarily set. In the present paper, the term MFC is used in its broader sense such as, for example, suggested by Dufresne [3] , addressing mechanically fibrillated material irrespective of characteristic diameter thresholds. MFC is a fibrous bio-based material with high strength, high aspect ratio and high specific surface, which is being studied with regard to a broad variety of potential applications [1, [3] [4] [5] [6] [7] [8] [9] . In spite of numerous endeavours towards commercialization, the big challenges of providing (i) dry and fully re-dispersible MFC and (ii) compatibility and efficient dispersion in non-polar media remain only partially solved. Spray-drying is one possible route towards dry MFC powder [10] , but due to the particulate, low aspect ratio geometry of spraydried fibrillated material, its reinforcement efficiency in polymers is comparably modest [11] with regard to the theoretical reinforcement potential of MFC [12] . In order to provide re-dispersible MFC, chemical modification provides a viable route as shown for carboxymethylated MFC [13] , which is re-dispersible in water. Similarly, the addition of sodium chloride prior to drying prevents hornification and enables re-dispersion in water [14] . Without chemical modification or addition of chemicals to MFC, intrinsic features of non-cellulosic wood polymers may also benefit re-dispersion of dry MFC. It was demonstrated for MFC derived from sugar beet pulp, which is rich in pectin and hemicellulose, that the presence of these non-cellulosic compounds greatly facilitates re-dispersion in water due to electrostatic repulsion [15] , similar to what was also observed for carrot-derived MFC [16] .
Similar to effects seen while re-dispersing MFC in water, residual non-cellulosic cell wall polymers may also substantially benefit the homogeneous dispersion of MFC in nonaqueous systems. Making use of this approach, MFC which is rich in hemicellulose, termed microfibrillated holocellulose, was successfully dispersed in non-polar solvent [17] . Also benefiting from the particular chemistry of non-cellulosic wood polymers, which contain moieties of less hydrophilicity compared to cellulose, MFC rich in lignin and hemicellulose, termed microfibrillated lignocellulose (MFLC) in the present study, performs advantageously compared to purely cellulosic MFC in a variety of applications [18] . In particular, MFLC was shown to exhibit greatly improved dispersion and reinforcement in a number of non-polar polymer matrices [19] [20] [21] [22] .
In the present study, we evaluate whether the improved dispersion shown for MFLC in a variety of model systems also benefits the performance of polymer-MFLC compounds in a potentially relevant application as three-dimensional (3D) printing filaments. In the enormously popular and easily accessible technology of fused deposition moulding (FDM), poly(lactic acid) (PLA) is one of the most important polymers used for FDM filaments. It is well known that considerable brittleness is one of the drawbacks of PLA-based products [23, 24] . As it was shown that MFC can be of substantial use in improving the toughness of brittle polymers [19, 25, 26] , the potential of MFLC towards improving toughness is of particular interest.
Material and methods (a) Microfibrillated cellulose
The production and properties of fibrillated material used in the present study are described in detail in [20] . In that study, the effect of varying chemical composition of fibrillated cellulosic materials on the dispersion in PLA/chloroform solution was investigated. Of the large number of variants studied in [20] , only beech wood fibrillated without pre-treatment (termed microfibrillated wood-MFW), one type of partially de-lignified and subsequently fibrillated beech wood (termed MFLC3 in [20] and MFLC here), and finally conventional fibrillated cellulose derived from bleached softwood pulp (termed MFC) were considered in the present study. The chemical compositions, and surface chemistry derived from X-ray photoelectron spectroscopy (XPS) measurements, of these three types of fibrillated material are shown in tables 1 and 2 [20] . The same as in [20] the fibrillated material was dried from toluene for further use, resulting in fluffy material with distinctly microfibrillar structure [21] . The three variants of fibrillated material differ clearly in their content of lignin and hemicellulose, which is highest in MFW, lowest in MFC and intermediate in MFLC (table 1) . As a consequence of these significant differences in chemical composition, the abundance of polar moieties as detected with XPS (table 2) also differs. Here, MFLC shows lowest values compared to MFC, whereas MFW is of intermediate character. Also in terms of geometry and degree of fibrillation, the materials used are slightly different as shown with scanning electron microscopy (SEM) images (figure 1). While all materials show fibrillation, also larger aggregates and cell fragments are present in all variants. Even though drying from toluene does prevent wide-scale collapse of fibrillary structures as is observed when drying from water, nano-scale fibrils (i.e. diameter less than 100 nm) are hardly observed.
(b) Compounding of filaments and three-dimensional printing
Owing to its fibrous, fluffy and non-granular structure, the fibrillary material used in the present study could not be processed with standard feeding equipment. Therefore, PLA (4043D, Natureworks) dried at 70°C for 16 h was milled into powder in a first step using a Retsch SM1 cutting mill. The accept fraction passing through a 2 mm sieve was used for further processing. Fibrillar material dried at 120°C for 16 h was added to PLA powder at a fraction of 1% (weight) and the powders were mixed in an RRM Elite 650 mixer (Engelsmann) for 15 min. Thereafter, the mixture was extruded with a Collin ZK25 counter-rotating parallel double screw extruder. The compounding tool had two outlets with a diameter of 3 mm and the rotation speed of the extrusion screw was 65 r.p.m. A total mass of 1 kg was processed for each variant in addition to pure PLA. After the compounding step, the filament was cut into granules and extruded to the final filament with a nominal thickness of 3 mm, again using the Collin extruder. In order to assess the suitability of filaments produced for 3D printing, test specimens were printed with an X400 3D printer (German RepRap) at a nozzle temperature of 210-205°C and a printing bed temperature set to 60-55°C. For visual inspection, captive ball specimens (codes with 25 mm side length) were printed, whereas test bars with a length of 80 mm, a thickness of 4 mm and a width of 10 mm were printed for bending and impact testing.
(c) Characterization
The melt flow rate of pure PLA and PLA compounds was evaluated using an Instron Ceast MF20. The testing weight was 10 kg and the procedure was performed at 190°C with a preheating time of 240 s. Two samples were tested for every specimen type. Besides visual inspection, light microscopy was used to study the distribution of fibrillated material in extruded filaments. For this purpose, a small piece of filament was deposited on a glass specimen holder, heated to 90°C and compressed with a second glass specimen holder. Light microscopy was carried out in transmitted light mode with a Zeiss Axioplan research microscope.
The mechanical properties of filaments and printed test bars were characterized in bending mode using a Zwick/Roell 20 kN universal testing machine. For filaments, the deformation rate was 10 mm min −1 at a tested length of 24 mm. For printed test bars, a free sample length of 65 mm and a deformation rate of 2 mm min −1 were used. The unnotched Charpy impact toughness of filaments and printed test bars was characterized with a Zwick impact pendulum.
Dynamic mechanical analysis of filaments was performed in bending mode using a Netzsch DMA 242 C dynamic mechanical analyser. A constant frequency of 5 Hz and a temperature range from 20°C to 90°C at a heating rate of 10°C min −1 were used. The constant static force was 0.1 N, the dynamic force was 4.36 N and the amplitude was 30 µm. 
Results and discussion
The compounding of PLA with dried fibrillated material was successful for all variants used. No clear difference was observed between the melt flow ratios of PLA-MFW (16.8 cm³ 10 min −1 ), PLA-MFLC (17.4 cm³ 10 min −1 ) and PLA-MFC (17.6 cm³ 10 min −1 ), indicating that they did not behave significantly differently during melt processing. By contrast, all these compounds showed a clearly lower melt flow ratio than unreinforced PLA (22.1 cm³ 10 min −1 ). Optical inspection of the extruded filaments revealed an apparently highly homogeneous dispersion of both MFW and MFLC in PLA (figure 2). A distinct brown colour was noticeable for these two types of filament, whereas pure PLA was clear and transparent. Contrary to MFW and MFLC, visual inspection of the PLA-MFC filament revealed whitish and opaque optical appearance, with frequent macroscopic agglomerations of fibrils in the order of several tenths of a millimetre in size (figure 2). This observation agrees well with comparable studies, e.g. [20, 25] , which also report inhomogeneous distribution and agglomeration of unmodified MFC in PLA. The apparently excellent dispersion of MFW and MFLC particles, as opposed to MFC, confirms earlier findings where the same fibrillated material was dispersed in PLA dissolved in chloroform [20] . This advantageous dispersion behaviour of fibrillated material containing residual lignin and hemicellulose further supports the argument put forward earlier that reduced surface-chemical polarity of these fibrils enhances their compatibility with non-polar media [22] . Microscopic inspection of the same material revealed a slightly different picture compared to the macroscopic appearance of filaments (figure 3). At micrometre resolution, the distribution of fibrous material, as far as it can be discerned at the magnification available in the light microscope, was homogeneous, and no clear differences in fibril distribution were obvious between the three PLAfibril compounds. All three variants were characterized by the presence of a substantial amount of unfibrillated or only partially fibrillated fibre fragments with sizes between 10 and 100 µm. Larger fibre fragments were more frequently observed in PLA-MFLC compared to the other two fibril-reinforced filament variants.
The mechanical characterization results of 3D printing filaments are compiled in table 3 . In bending, the only clear and highly significant effect of fibril addition is seen on strain at failure, which decreases by more than 50% for all three fibril variants. Other than that, only minor changes in mechanical properties were observed, irrespective of the type of fibril added. Surprisingly, the PLA-MFC variant, which contained a significant number of macroscopically discernible fibril aggregations, still exhibited comparable mechanical performance to the other two fibril variants, where no aggregations were observed. As only minor effects on stiffness and strength of PLA were observed upon addition of fibrils, it is assumed that the small amount of fibrils added did not have any significant effect on PLA crystallinity, contrary to what was observed for MFC-reinforced PLA, particularly at higher MFC content [27] . Viscoelastic properties of PLA-based filaments were studied by dynamic mechanical analysis. Storage moduli and tan δ dependent on temperature of neat PLA and PLA/1 wt% MFC filaments are shown in figure 4 . The highest stiffness is displayed by the filament containing MFW (E at 20°C = 4.9 GPa). The values of storage moduli increased in the following order: PLA-MFC < PLA < PLA-MFLC < PLA-MFW. The drops in storage moduli at about 64-66°C indicate the glass transition temperature of PLA. Tan δ curves reflect the molecular motion of PLA polymer chains and the energy dissipation potential of the materials studied. All filaments show a more or less clearly visible double tan δ peak behaviour of PLA, where the first peak temperature value coincides with the steep drop in storage modulus temperature indicative of glass transition [24] . The occurrence of a second shoulder is indicative of segmental movements of mobile and oriented amorphous regions, which were also observed in PLA filaments [28] . Tan δ values detected at this second shoulder decreased in the order: PLA-MFW (0.33) < PLA (0.39) ≤ PLA-MFC (0.44) < PLA-MFLC (0.53). The detected differences in maximum tan δ values indicate different effects of MFC materials on the ability of PLA to absorb energy. While MFW restricted the molecular motion of PLA chains, MFLC resulted in a markedly increased energy dissipation potential of the PLA matrix.
Captive ball specimens are a frequently used geometry for assessing the suitability of 3D printing filaments in FDM printing (figure 5). While the filament variants PLA, PLA-MFW and PLA-MFLC could be printed without problems, the nozzle of the printer was immediately blocked by fibril aggregations when using PLA-MFC. Even after repeatedly cleaning the nozzle, no steady printing process could be established with this variant, which is why it was deemed unsuitable and discarded. Pure PLA, PLA-MFW and PLA-MFLC captive ball specimens are 60  40  20  100  80  60  40  20  100  80  60  40  20  100  80  60 shown in figure 5a . Overall, printing was successful and specifically, neither a positive nor a negative effect of fibril addition on two parameters evaluated was observed. The first parameter evaluated is termed warping (figure 5b). This parameter describes instances where the test specimen geometry is not exactly replicated during printing because of, for example, flow of hot polymer after deposition. The second parameter evaluated is termed oozing (figure 5c), and describes the unintended bridging of voids in the structure by thin polymer filaments. In all three variants, at least one instance of warping and up to three instances of oozing were observed, without any significant difference between the variants used. In addition to captive ball specimens, bars for mechanical testing were also printed in order to assess potential effects of fibrils on the structural stability of printed objects (table 4) . Here, the bars printed with PLA-MFW performed similar to pure PLA (no significant difference), whereas PLA-MFW showed slightly improved impact toughness. PLA-MFLC was the only variant showing
significant changes, with reduced strength by roughly −10% and improved impact toughness increased by +10% (94.4% confidence level).
Conclusion
The results presented above show a clear advantage of microfibrillated material containing residual wood polymers compared to MFC derived from bleached pulp. Improved dispersion of the variants MFW and MFLC in extruded PLA filaments enabled 3D printing using FDM technology, whereas fibril aggregates prevented successful printing for PLA-MFC. In terms of PLA filament mechanics determined in static three-point bending and in impact testing, low fibril loadings of 1% did not result in any improvement. By contrast, the viscoelastic properties of filaments detected by dynamic mechanical analysis between 20°C and 90°C showed differences in damping behaviour of PLA/microfibrillated filaments in dependence on the applied pretreatment of MFC, with a favourable improvement of the energy dissipation potential of PLA resulting from the addition of MFLC. As a consequence of improved dispersion and improved energy dissipation, a slight trend towards improved fracture toughness was observed in 3D printed test bars produced from the PLA filaments filled with 1% MFLC.
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